ABSTRACT: Hepatozoon spp. are identified for the first time in the amphibian order Gymnophiona, or caecilians, from the Seychelles island of Silhouette. Estimate of relationships derived from partial 18S rRNA gene sequences indicate these are not related to Hepatozoon spp. from frogs or to other Hepatozoon spp. from reptiles in the Seychelles. Assessment of mature gamonts from blood smears indicate that these can be recognized as a new species, Hepatozoon seychellensis n. sp.
Amphibian decline is a global issue, with many factors involved including pathogens (Daszak et al., 2003) . One common intracellular parasite of tetrapods, including amphibians, is the protozoan genus Hepatozoon Miller 1908. Species of Hepatozoon have been identified in all classes of tetrapods. However, to our knowledge, they have only been reported from 2 of the 3 extant orders of amphibians: Caudata and Anura (e.g., Davis and Johnston, 2000) . The third order, Gymnophiona, consists of caecilians-wormlike amphibians that occur in the tropics of South and Central America, Africa, Asia, and some islands such as those in the Gulf of Guinea and the Seychelles. In this study we identified Hepatozoon spp. in the blood of caecilians from the island of Silhouette in the Seychelles. Morphological features of mature gamonts are identified, and partial 18S rRNA gene sequences used to provide an estimate of phylogenetic distinctiveness and relationships. Based on these unique characters a new species is described, Hepatozoon seychellensis n. sp.
MATERIALS AND METHODS
During a survey of the herpetofauna of the Seychelles islands for various parasites, we screened 20 samples of caecilians collected from 3 granitic islands of the Seychelles (16 from Silhouette, 1 from Mah´e, and 3 from Fregate) from which blood smears and blood samples preserved in Whatman paper were available.
Blood smears were stained with Giemsa as described elsewhere (e.g., Telford, 2009) and examined using an Olympus CX41 microscope with an in-built digital camera (SC30) (Olympus, Hamburg, Germany). Several photomicrographs per slide were taken at 4003 magnification covering 5,000 cells and stitched using cellˆB software (basic imageacquisition and archiving software; Olympus, M¨unster, Germany). Intensity of infection was estimated per 5,000 cells. Counts were done using the manual cell counter plug-in available in the image-processing software ImageJ ver. 1.46p (Abramoff et al., 2004) . Average length and width of the parasites were estimated based on measurements of 10 individual gamonts from each of the 3 infected hosts, as well as the volume and position of the nucleus. Length and width of the 10 infected and 10 uninfected erythrocytes from the same host were also taken. Blood smears were deposited at the U.S. National Parasite Collection (USNPC, Beltsville, Maryland).
DNA was extracted from blood stored in Whatman filter paper using High Salt methods (Sambrook et al., 1989) . Using PCR primers (Hep F300 and R900, from Ujvari et al., 2004 ) that amplify a part of the 18S rRNA gene in various Apicomplexa protozoan parasites , as well as some other organisms (Maia, G´omez-Diaz, and Harris, 2012) , 3 samples from Silhouette Island gave positive amplification using previously described conditions . All positive PCR reactions were sent to a commercial sequencing company (Macrogen, Amsterdam, the Netherlands) for sequencing in both directions using the same PCR primers. New sequences included in the phylogenetic analysis were deposited in GenBank under accession numbers KF246565-KF246566.
Similarity comparisons (BLAST) with data on GenBank identified all 3 sequences as Hepatozoon, although 1 had low quality, and thus only 2 were included in a phylogenetic analysis. DNA sequences from previous phylogenetic studies using this gene region (Barta et al., 2012; Maia, Perera, and Harris, 2012 and references therein) were aligned using ClustalW in the program BioEdit (Hall, 1999) . The alignment consisted of 38 taxa and 611 bp long. The model of evolution employed (GTR þ I þ G) was chosen using the AIC criteria carried out in Modeltest 3.06 (Posada and Crandall, 1998) . Maximum likelihood (ML) analysis with random sequence addition (10 replicate heuristic searches) was used to estimate their evolutionary relationships using the software PAUP (Swofford, 2002) . Support for nodes was estimated using the bootstrap technique, with 100 replicates. Bayesian analysis was implemented using MrBayes v. 3.2 (Huelsenbeck and Ronquist, 2001 ). The analysis was run using the same model as for ML, with 2 parallel runs with 3 heated and 1 cold chain for 1 3 10 7 generations, saving 1 tree every 1,000 generations. All trees prior to reaching stationarity (25% of the run) were discarded as burn-in samples, and remaining trees were combined in a 50% majority consensus tree. Following Barta et al. (2012) , Haemogregarina balli and Dactylosoma ranarum were designated as outgroups.
DESCRIPTION
Our estimate of phylogeny ( Fig. 1) is similar to previous studies Maia, Perera, and Harris, 2012) . The sequences from caecilians are distinct from all other published haplotypes and are related neither to other Hepatozoon spp. from other amphibians nor to those from snakes and lizards from the Seychelles. Blood smears examination confirmed the results obtained, with all smears negative except the 3 that were identified in the PCR.
Hepatozoon seychellensis n. sp. (Figs. 1, 2) Gamonts: Mature gamonts (Fig. 2 ) length (L 6 SD) 13.56 6 1.02 lm, width (W 6 SD) 5.74 6 1.04 lm, with average area (LW) 71.69 lm 2 . Nuclei situated typically in the central portion of gamont, with L 7.16 6 1.01 lm, and W 4.03 6 0.96 lm. Host cell nuclei typically displaced laterally, while infected erythrocytes were smaller than average uninfected cells (LW 275.92 lm 2 , compared to 289.79 lm 2 average of 10 uninfected cells from the same host).
Taxonomic summary
Type host: Known only from caecilians, family Indotyphlidae, from the Seychelles. Systematics of caecilians from the Seychelles is complex, and hosts were not identified to the species level using morphological characters, but appeared to be of the Seychelles endemic genus Grandisonia Taylor 1967. To confirm this, partial 12S rRNA sequence 
24028E).
Type specimens: Syntype USNPC107666, corresponding to DB6535. Blood smears are also kept in the collection of CIBIO, University of Porto, of the paratype DB6726.
Prevalence and parasitaemia levels: Three of 16 animals from Silhouette were infected (3 in 20 from all islands), with 3, 5, and 9 parasite individuals identified per 5,000 erythrocytes.
Etymology: The specific name reflects the type, and only known, locality. FIGURE 1. Tree derived from a Maximum likelihood (ML) analysis of the Hepatozoon sequences. Bootstrap values for ML are given above relevant nodes, and Bayesian posterior probability below them. The new species from this study is in bold.
Remarks
To our knowledge, this is the first species of Hepatozoon described from caecilians. It can be easily distinguished from the other Hepatozoon spp. known from reptiles in the Seychelles, since in H. seychellensis the length of the mature gamont is only around half the length of the infected erythrocyte (Fig. 2) , while in Hepatozoon spp. from reptiles (Trachylepis wrightii and Lycognathophis seychellensis) the mature gamont is much longer, almost as long as the erythrocyte, and often curved so that the gamont appears banana-shaped (see Fig. 1 in Harris et al., 2011) . They can also be clearly distinguished by differences in the 18S rRNA gene sequence, for example, by unique T-C mutations at positions 114 and 186 based on the alignment used in our analysis.
DISCUSSION
Given that Hepatozoon spp. have been identified in an additional mammal order, Chiroptera, only recently (Pinto et al., 2013) and are now known from all extant amphibian orders, it seems likely that they will continue to be identified from most if not all tetrapod orders as molecular surveying becomes more widespread. Caecilians are generally poorly studied amphibians (Emel and Storfer, 2012) , and assessments of other caecilian families for Hepatozoon and other parasites are clearly needed. It is not clear which hematophagous arthropods will act as final hosts for H. seychellensis, and this clearly deserves investigation for both this and many other Hepatozoon species. The estimate of relationships based on the 18S rRNA gene sequences shows no obvious co-evolutionary pattern between parasites and vertebrate hosts, and indeed as more Hepatozoon spp. are included in such phylogenies, the more complex they become. Thus while Hepatozoon spp. identified from the Seychelles snakes and lizards were first thought to be a monophyletic lineage on these islands , the same haplotypes were later identified elsewhere , and now other Hepatozoon spp. are known from the Seychelles caecilians that are unrelated to those previously identified. It is possible that the 18S rRNA gene sequences used are not variable enough to be more informative, and certainly they are not effective at discriminating between closely related parasites in other groups (e.g., Jorge et al., 2011) . Clearly additional molecular markers are also needed to help resolve these issues. under NSRF through the European Regional Development Fund. We are particularly grateful to Sara Rocha for her help in the field and to SBS of Seychelles for permits for fieldwork and tissue collection and to the Ministry of Environment and Natural Resources for logistic support during fieldwork. We thank NPTS, ICS Seychelles, SIF, Fregate Island Private, Gerard Rocamora, and several entities and persons that made possible fieldwork across all islands, and to Justin Gerlach and Mike Peirce for information regarding parasites on these islands. We thank the editor and anonymous reviewer for their useful comments on an earlier draft of this manuscript. 
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